The role of micrometer-scale clustering of TCRs at the T cell-antigen-presenting cell (APC) interface in T cell activation is an area of active investigation. Here we have investigated the impact of variations in the extent of TCR clustering on the activation of naive CD4
Introduction
Following TCR recognition of peptide-MHC (pMHC) antigen on the surface of antigen-presenting cells (APCs) or in artificial lipid bilayers, TCRs, protein kinase C (PKC)-h and other signaling/co-stimulatory molecules can localize to the center of an organized structure called the immunological synapse (IS) (1) (2) (3) (4) (5) (6) . The IS comprises a central supramolecular activation cluster (cSMAC) of TCRs and PKCh surrounded by a peripheral SMAC of leukocyte function-associated antigen (LFA)-1 and talin (1, 2) . IS formation has been proposed to enhance TCR signaling by concentrating TCRs in a phosphatasedepleted region at the T cell-APC interface (1, 5, 7, 8) . However, recent studies have shown that TCR microclusters form at the periphery of the IS and play a role in sustained signaling following a short period of signaling at the center of the IS (9, 10) , leading to the suggestion that the central zone may serve to stabilize T cell-APC interactions (9) . In addition, several analyses indicate that the IS serves a 'platform' function to integrate co-stimulatory or CD40-CD40L signals (11) (12) (13) (14) . Using a combination of in silico and experimental studies, models in which the IS balances TCR signaling by enhancing TCR internalization/degradation have also been proposed (15) .
The low numbers, ranging from 1 to 400 agonist pMHC complexes (16) (17) (18) (19) (20) (21) (22) , that have been reported to be necessary to activate T cells suggest that the large-scale TCR clustering frequently observed under the conditions used to analyze cSMAC formation may be well above the threshold needed for the triggering of a T cell response. This is also consistent with studies showing that large-scale re-organization of TCRs and other components to form a mature IS at the T cell-APC interface is not necessary for the activation of CD4 + or CD8 + T cells (14, (22) (23) (24) (25) . Importantly, however, in analyses where only 10 pMHC complexes at the T cell-APC interface are sufficient to activate CD4 + T cells, aggregation of ICAM-1 into a ring typical of IS formation is observed (20) . Similarly, microtubule repolarization occurs during induction of CD8 + T cell cytolytic activity in the absence of mature IS formation (22) (23) (24) . Taken together with earlier observations that LFA-1 and talin re-organization can occur in the absence of largescale TCR clustering (20, 26) , the data suggest that cytoskeletal and adhesive effects necessary to stabilize Tcell-APC conjugates occur at lower stimulatory thresholds than those required to induce large-scale TCR aggregation into the cSMAC.
In the current study, we have analyzed the effect of variations in the extent of TCR clustering at the T cell-APC interface on naive T cell activation, as this relates directly to the initiation of the immune response. We have used two populations of naive CD4 + T cells associated with murine experimental autoimmune encephalomyelitis (EAE). These T cells are derived from mice transgenically expressing two TCRs (172. 10 and 1934.4) (27, 28) specific for the N-terminal immunodominant epitope of MBP associated with the MHC class II molecule, I-A u (29) (30) (31) . In this model, autoreactive MBP1-9:I-A u -specific T cells escape central tolerance induction due to the low affinity of the MBP epitope for restricting MHC, and higher affinity 'superagonist' analogs of the MBP epitope have been defined (32) (33) (34) (35) . In earlier studies, we have determined the affinities of the corresponding TCR-pMHC interactions using soluble recombinant molecules and surface plasmon resonance (36) . The dissociation constant for the 172.10 TCR-pMHC interaction is 8.8 lM, whereas that of the lower affinity 1934.4 TCR-pMHC complex is 34.6 lM (36). This knowledge gives us the opportunity to assess the effects of TCR clustering using T cells where the affinities for cognate ligand are well defined.
As indicators of activation in the current study, we have analyzed CD25 and CD69 up-regulation, in addition to cytokine production. In contrast to very early events, these indicators are directly related to the effector function of T cells. We observe that in general, there is not a good correlation between the extent of TCR clustering and T cell activation. Where an impact of an increase in clustering is observed, it is manifested as slight down-regulatory effects at early stages of activation that in general do not translate into effects at later stages. In addition, we show that naive CD4 + T cells can be efficiently activated in the absence of large-scale TCR clustering.
Methods

Transgenic mice
Mice transgenic (tg) for the 172.10 (27) and 1934.4 (28) TCRs, backcrossed onto the B10.PL (H-2 u ) background for at least 10-15 generations, were generously provided by Joan Goverman and Hugh McDevitt, respectively. The 172.10 tg mice were maintained by intercrossing tg mice expressing the 172.10 TCRa and -b chains as described (27) . The 1934.4 tg mice were maintained by backcrossing mice tg for the TCRab onto B10.PL mice. All mice were bred in the Animal Resource Center at the University of Texas Southwestern Medical Center under specific pathogen-free conditions. All studies were approved by the Institutional Animal Care and Research Advisory Committee.
Cell lines and reagents
The I-A u -expressing B cell line, PL-8, (37) and 1934.4 T cell hybridoma (38) were kindly provided by David Wraith (University of Bristol, UK). Anti-mouse PerCP-labeled anti-CD4 (RM4-5), PE-labeled anti-CD4 (GK1.5), APC-labeled anti-CD4 (RM4-5), FITC-labeled anti-Va2 (B20.1), PE-labeled anti-Vb8 (F23.1), PE-labeled anti-CD45R/B220 (RA3-6B2), APC-labeled anti-CD3e (145-2C11), FITC-labeled anti-CD69 (H1.2F3), APC-labeled anti-CD25 (PC61), APC-labeled anti-CD62L (Mel-14) and FITC-labeled anti-CD62L (Mel-14) antibodies were purchased from PharMingen or Caltag. Hybridomas expressing antibodies specific for CD16/CD32 (FccRII and FccRIII) (2.4G2), keyhole limpet hemocyanin (KLH) (hamster IgG2 control), mouse TCR Cb (H57-597), [hamster IgG2 (39) ] and I-A u [10.2.16, (40) ] were purchased from the American Type Cell Culture Collection. Antibodies were purified from culture supernatants using protein G-Sepharose. Purified anti-TCR Cb (H57-597) was labeled with Alexa 488 (Molecular Probes) using methods recommended by the manufacturer.
The N-terminal nonapeptide of MBP (MBP1-9) and the position 4 analog MBP1-9[4Y] that binds to I-A u with a higher affinity due to substitution of lysine at position 4 by tyrosine (32) (33) (34) were synthesized at the Protein Chemistry Technology Center, University of Texas Southwestern Medical Center (Dallas, TX, USA).
ELISA
Anti-IL-2 capture, biotinylated anti-IL-2 antibodies (JES6-1M2 and JES6-5H4, respectively) and anti-IFN-c capture, biotinylated anti-IFN-c antibodies (R4-6A2 and XMG1.2, respectively) for use in sandwich ELISAs were purchased from BD Biosciences, PharMingen Division (San Diego, CA, USA). Bound, biotinylated anti-IL-2 or anti-IFN-c antibodies were detected using Extravidin-HRP conjugate (Sigma, St Louis, MO, USA). IL-2 concentrations were determined from standard curves generated using recombinant IL-2 (PharMingen, San Jose, CA, USA) in the ELISAs. ELISAs were carried out in triplicate and all data are shown as mean values. Statistical analyses were carried out using Student's t-test for a two-tailed distribution with unequal sample variance and values of P < 0.05 were considered to be significantly different.
Recombinant peptide-MHC complexes
Soluble, recombinant MBP peptide:I-A u (MBP1-9[4Y]:1-A u ) complexes comprising the N-terminal peptide of MBP covalently tethered to I-A u were generated and purified using baculovirus-infected High-Five cells (41) . The position 4 analog with lysine substituted by tyrosine (32-34) was used, as complexes made with the lower affinity wild-type peptide are unstable (42) . Recombinant protein was site specifically biotinylated and multimerized by addition of PE-Extravidin as described (42) . where MFI = mean fluorescence intensity.
Analysis of binding of pMHC multimers to T cells
Purification of CD4 + T cells
We have observed that in some cases, T cells from 172.10 tg mice show an activated phenotype with >30% being CD62L lo (assessed by flow cytometry using APC-or FITC-labeled anti-CD62L antibody). This was particularly the case for mice over 5 weeks of age. Only mice that had <10% CD62L lo Tcells were used as a source of naive T cells. CD4 + T cells were purified by depletion using a Mouse CD4 + T Cell Isolation Kit from Miltenyi Biotec (Auburn, CA, USA). Purity and CD62L status of the purified cells were verified by flow cytometry with PE-labeled anti-CD4 and APC-or FITC-labeled CD62L antibodies. In all studies described here, cells were 80-90% CD4 + and >90% CD62L hi .
Analyses of TCR clustering
Purified cells were pre-treated with 10 lg ml À1 hamster isotype control (anti-KLH, IgG2) and 10 lg ml À1 anti-CD16/CD32 antibody to block FccR binding for 10 min on ice, then split into two tubes and treated with either 2.5 lg ml À1 Alexa 488-labeled H57-597 or hamster isotype control. Irradiated or non-irradiated PL-8 cells (1 3 10 6 per well) treated with 10 lg ml À1 of anti-CD16/CD32 antibody and anti-KLH antibody (hamster IgG2) in phenol red-free cDMEM (10% FCS, 100 U ml À1 penicillin, 100 lg ml À1 streptomycin, 10 mM HEPES, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids and 55 lM mercaptoethanol) were added to cover slides (Circular #1.5 12 mm, Fisherbrand) in 24-well plates and allowed to settle for 45 min. The medium was exchanged for medium containing different doses of MBP1-9 or MBP1-9[4Y] plus 2.5 lg ml
À1
anti-CD16/CD32 antibody and 2.5 lg ml À1 anti-KLH antibody (hamster IgG2) to block FccR binding. CD4 + cells (1 3 10 6 ), treated as described above, were added to each well and cells were incubated for 1 h at 37°C. Following this, cells were washed with ice-cold PBS, fixed with 3.4% PFA for 30 min at room temperature, washed twice with PBS and incubated with PE-labeled anti-CD45R/B220 and APC-labeled anti-CD4 antibodies. Cells that were treated with isotype control were also incubated with Alexa 488-labeled H57-597. Cells were incubated with antibodies for 30 min at 4°C, washed twice in PBS and mounted in Prolong (Molecular Probes, Eugene, OR, USA).
Microscopy analyses
Cells were imaged using a Zeiss axiovert 200M epifluorescent inverted microscope using a cooled CCD camera (Orca ER, Hamamatsu, Bridgewater, NJ, USA) as described (43) . Data were processed and displayed using a custom written software package in the high-level programing language Matlab (The Mathworks, Natick, MA, USA) (43) . TCR clustering in acquired images was assessed visually and cells were categorized into one of three groups: unclustered, diffuse clustering or compact clustering. Representative examples of each of these groups are shown in Fig. 2 .
Analyses of CD25 and CD69 up-regulation, cytokine production and TCR internalization Naive, purified CD4 + CD62L hi cells treated with either H57-597 (Alexa 488-labeled or unlabeled) or hamster isotype control (anti-KLH: IgG2) as for TCR clustering analyses were cultured in round-bottomed 96-well plates (10 5 
cells per well) in the presence of irradiated PL-8 cells and different doses of MBP1-9, MBP1-9[4Y] or medium only (cDMEM containing 10% FCS).
To block FccR binding, 2.5 lg ml À1 anti-CD16/CD32 antibody and 2.5 lg ml À1 anti-KLH antibody (hamster IgG2) were added to PL-8 cells prior to addition of peptide.
For studies of CD25 and CD69 up-regulation, cells were harvested following 2, 4, 6 or 18 h incubation, washed twice with cold PBS and incubated with fluorescently labeled anti-CD69, anti-CD25 and anti-CD4 antibodies for 30 min on ice. Cells were washed twice with PBS and analyzed by flow cytometry. IL-2 or IFN-c levels in culture supernatants following 24 or 72 h incubation, respectively, were quantitated by ELISA (above). To assess TCR internalization, cells were harvested following 4 h incubation with peptide-pulsed PL-8 cells. Cells were incubated with fluorescently labeled anti-CD4 and antiCD3e antibodies, washed as above and analyzed by flow cytometry. Surface TCR levels were expressed as:
MFI for anti-CD3e antibody staining levels for activated cells 3 100% MFI for anti-CD3e antibody staining levels for control cells :
All flow cytometry data were collected using a FACSCalibur BD and data analyzed using WinMDI 2.8 (J. Trotter, Scripps Research Institute).
Results
Comparative analyses of TCR clustering by naive T cells that have different intrinsic affinities for peptide-MHC ligand
In earlier studies using surface plasmon resonance, we showed that the affinity of the 172. (37)]. Several different peptide doses were used: 1 or 10 lg ml À1 (~0.9 or~9 lM, respectively) wild-type MBP1-9 or 1 or 10 lg ml À1 of the position 4 analog of MBP1-9 in which lysine (K) is substituted by tyrosine (Y). This substitution results in a~10 3 -to 10 4 -fold higher affinity for I-A u without affecting the qualitative nature of T cell recognition, which in turn effectively increases the peptide dose (32) (33) (34) 44) . The use of both wild-type MBP1-9 and MBP1-9[4Y] resulted in a wide range of effective peptide doses that induced different levels of TCR clustering in an avidity-dependent way (Fig. 2) . TCR clustering was categorized as unclustered, diffuse or compact, and representative examples of each class are shown in Fig. 2 . In some cases, TCRs clustered into rings rather than circular clusters were seen (Fig. 2 ) and these were also categorized as compact clusters. Experimental conditions for which no compact clustering was observed following 1 h of stimulation did not result in significant increases in TCR aggregation after 3 hours of exposure to pMHC (data not shown), suggesting that this is not due to a difference in the rate of clustering. For the higher affinity peptide MBP1-9[4Y], in particular, substantially more TCR clustering was seen for 172.10 tg Tcells than for 1934.4 tg T cells (Fig. 2) . This difference cannot be accounted for by differences in tg T cell numbers in the CD4 + populations, as 80% and 70% of CD4 + T cells are antigen specific in 172.10 and 1934.4 TCR tg mice, respectively (Fig. 1) .
To enhance the extent of large-scale TCR clustering, we pretreated 1934.4 and 172.10 tg T cells with the anti-Cb antibody, H57-597, prior to incubation with peptide-pulsed APCs. This antibody is non-mitogenic and in other studies H57-597 Fab fragments have been used to track surface TCRs on CD4 + T cells in the presence of antigen in live cell imaging experiments (4, 10, 45) . In addition, in recent live cell imaging studies of auto-antigen-specific T cells in EAE, the use of biotinylated anti-TCR antibodies to analyze TCR clustering did not alter T cell migration (46) . To avoid FccR-mediated crosslinking of TCRs by H57-597, all assays were carried out in the presence of anti-CD16/CD32 antibody and excess isotypematched hamster antibody of irrelevant specificity (anti-KLH). Thus, based on the recent demonstration that the TCR-CD3 complex is monomeric (47), the effects on TCR clustering that we observe are due to dimerization, rather than multimerization, of the TCRs by H57-597. H57-597 pre-treatment resulted in enhancements in TCR clustering, and these increases were most marked for all peptide doses for 1934.4 tg T cells. For the higher avidity 172.10 tg T cells, greater differences were observed for stimulation with the low-affinity wild-type peptide (MBP1-9), that is, under conditions where no or very limited clustering was seen in the absence of H57-597 pre-treatment. The differences in clustering for 172.10 tg T cells using the higher affinity peptide, MBP1-9[4Y], were relatively small, as extensive clustering was observed in the absence of H57-597 pre-treatment (Fig. 2) .
Lack of correlation between large-scale TCR clustering and T cell activation
The variations in micrometer-scale TCR clustering shown in Fig. 2 gave us the opportunity to analyze whether there was a correlation between large-scale TCR clustering and T cell activation. For these studies, up-regulation of the early activation markers CD25 and CD69 was assessed. In addition, IL-2 and IFN-c levels in culture supernatants at 24 and 72 h post-stimulation, respectively, were quantitated.
For 172.10 tg T cells, the marked variations in T cell clustering induced by treatment with 10 lg ml À1 MBP1-9 or 1 lg ml À1 MBP1-9[4Y] ( Fig. 2A) do not translate into differences in CD25 or CD69 up-regulation (Fig. 3A-F , open histograms). CD69 was up-regulated more rapidly than CD25 on 172.10 tg T cells, and therefore data for 2 h post-stimulation for CD69 (rather than the 4 h used for CD25) are shown ( Fig. 3A and B) . The IL-2 and IFN-c levels observed in response to 10 lg ml À1 MBP1-9 or 1 lg ml À1 MBP1-9[4Y] were also not significantly different ( Fig. 3G and H, open histograms, P = 0.34, 0.24, respectively). Further, enhancement of large-scale TCR clustering by H57-597 pre-treatment for cells treated with MBP1-9 resulted in only minor differences in CD25, CD69 up-regulation, and up-regulation approached plateau levels for all antigen doses following 18 and 6 h stimulation, respectively ( Fig. 3D and E) . H57-597 pretreatment did not have a significant impact on IL-2 and IFN-c production except for small down-modulatory effect (P = 0.0036 for IL-2, P = 0.029 for IFN-c) in response to 1 lg ml À1 (IL-2) or 10 lg ml À1 (IFN-c) MBP1-9 ( Fig. 3G and H) . Importantly, H57-597 pre-treatment in the absence of peptide resulted in very low levels of CD25/CD69 up-regulation or IL-2 and IFN-c production (Fig. 3A-H) , consistent with the nonmitogenic nature of this antibody. Taken together, the data for 172.10 tg T cells indicate that the extent of large-scale TCR clustering cannot be used as a predictor of T cell activation.
In contrast to the data for 172.10 tg T cells, incubation of the lower avidity 1934.4 tg T cells with peptide-pulsed APCs results in very limited amounts of large-scale TCR clustering, (Fig. 2B) . This made it difficult to draw correlations between TCR aggregation and activation. For this reason, we therefore focused our comparative analysis on the activation of these cells under conditions of constant antigen dose, but with and without H57-597 pre-treatment, as the latter treatment greatly increased TCR clustering in response to peptide (Fig. 2B) . We consistently observed that enhancement of TCR clustering by H57-597 pre-treatment resulted in slightly lower levels of CD25 and CD69 up-regulation at 4 and 6 h post-stimulation for all antigen doses (Fig. 4A-D) . This was most marked at the lowest antigen dose used (1 lg ml À1 MBP1-9). However, differences in CD25 and CD69 up-regulation for H57-597 and isotype control-treated 1934.4 tg cells became negligible at 18 h post-stimulation when up-regulation approached maximal levels for all peptide doses (Fig. 4E and F) . Analyses of IL-2 or IFN-c levels in culture supernatants following 24 or 72 h stimulation, respectively, indicated that there were no significant differences between cells treated with H57-597 and isotype control for 1934.4 tg T cells, despite the differences in TCR clustering (Figs 2B, 4G and H). As for 172.10 tg Tcells, we observed very low levels of activation of 1934.4 tg T cells that were pre-treated with H57-597 in the absence of stimulatory peptide (Fig. 4) .
Analyses of ligand binding and TCR down-regulation for 1934.4 tg T cells
Several possibilities could account for the differences that are observed as a result of H57-597 pre-treatment for CD25 and CD69 up-regulation following stimulation (Figs 3 and 4) . First, although unlikely from other studies (4, 45, 48) , there might be some partial blockade of TCR-pMHC interactions by H57-597 that might manifest itself, particularly for lower avidity interactions. Second, TCR clustering might result in enhanced TCR internalization that could in turn counteract the positive effect of concentrating TCRs at the TCR-APC interface. As the differences were more marked for 1934.4 tg than for 172.10 tg T cells, we focused our analyses of the potential effects on these tg T cells. To analyze the first possibility, tg T cells were stained with fluorescently labeled pMHC multimers (MBP1-9[4Y]:I-A u ) in the presence or absence of H57-597. In the presence of H57-597, 1934.4 tg T cells stained to slightly higher levels (data not shown) and the multimer dissociated more slowly (Fig. 5A and B) . The enhanced binding is most likely due to avidity effects resulting from TCR-induced dimerization by H57-597. The lack of negative effect of H57-597 on pMHC binding is consistent with the structure of an H57-597 Fab fragment complexed with the N15 TCR, where the Fab-binding site is distal to the putative TCR-pMHC interaction site (48) .
To investigate the second possibility that H57-597-induced clustering might result in enhanced TCR internalization, 1934.4 tg T cells were stimulated with peptide-pulsed APCs under different conditions (plus/minus H57-597) for 4 h and TCR internalization assessed by staining with anti-CD3e antibody (145-2C11) (Fig. 5C) . Consistent with earlier studies in distinct systems (49) (50) (51) , there is a direct correlation between effective antigen dose and extent of TCR internalization. For all antigen doses, H57-597 pre-treatment induced slightly greater levels of TCR internalization relative to isotype controltreated cells. These differences in internalization most likely account for the down-modulatory effects of this pre-treatment on CD25 and CD69 up-regulation within several hours of activation. However, this does not appear to impinge upon IL-2, IFN-c levels or CD25, CD69 up-regulation when assessed at later stages of T cell stimulation (Fig. 4) .
Discussion
In the current study, we have analyzed the impact of variations in TCR clustering at the T cell-APC interface on the activation of naive CD4 + T cells. This has been carried out using two MBP1-9:I-A u -specific T cell populations derived from tg mice expressing the 172. 10 and 1934.4 TCRs (27, 28) . The affinity of the 172.10 TCR for cognate ligand is~4-fold higher than that of the 1934.4 TCR (36). This system therefore gives us the opportunity to assess the effects of TCR clustering on T cell activation for two well-characterized T cell populations that have the same antigen specificity. The availability of a position 4 analog (MBP1-9[4Y]) that has a 10 3 -to 10 4 -fold higher affinity for binding to I-A u (34, 44) has also allowed us to analyze the effects of varying the effective antigen dose over a wide range.
We show that for higher effective antigen doses (achieved using MBP1-9[4Y]), the 172.10 TCR aggregates more readily at the T cell-APC interface relative to the 1934.4 TCR. This is consistent with the higher affinity of the 172.10 TCR for ligand (36) and with earlier studies demonstrating that the extent of TCR clustering correlates with the avidity of the TCR-pMHC interaction (52) . However, the extent of TCR clustering does not correlate well with T cell activation, using CD25 and CD69 up-regulation and IL-2 and IFN-c production as markers. For example, 0.9 lM MBP1-9[4Y] induces extensive TCR clustering for 172.10 tg T cells, but this does not result in greater responsiveness relative to cells treated with a dose (9 lM) of MBP1-9 that does not induce detectable, large-scale TCR clustering at the T cell-APC interface. Similarly, using distinct antigen recognition systems, a lack of correlation between mature IS formation involving large-scale molecular clustering and the activation of naive and/or in vitro primed CD4 + or CD8 + T cells have been reported (14, (22) (23) (24) (25) , suggesting that our observations are general. For both doses of the low-affinity, wild-type peptide (MBP1-9) used in the current study, we do not observe large-scale TCR clustering for 1934.4 and 172.10 tg T cells. Despite this, activation is relatively efficient, indicating that TCR clustering on a large scale is not a prerequisite for the activation of naive CD4 + cells. However, we cannot exclude the induction of 'micro' clusters of TCRs comprising very small numbers of receptors that would be difficult to characterize due to the relatively high level of cell surface TCR expression. It is also possible that under stimulation conditions that do not induce large-scale TCR clustering, re-organization of other components, such as LFA-1/ICAM-1 or talin, at the T cell-APC interface occurs. This would be consistent with observations that an ICAM-1 ring is observed when TCRs are clustered at the T cell-APC interface in response to only 10 agonist pMHC complexes (20) , and that talin/LFA-1 re-organization has a lower stimulatory threshold relative to large-scale TCR clustering (26) .
Taken together with earlier studies (16) (17) (18) (19) (20) (21) (22) , our analyses indicate that TCR scanning of ligands is a highly efficient process. In general, the levels of cognate (agonist) pMHC ligand to which T cells are exposed under physiological conditions might be expected to be too low to induce largescale TCR clustering, and our studies, therefore, have relevance to understanding T cell activation in vivo. In this context, substantial TCR signaling can occur when naive T cells serially contact different APCs in lymph nodes (53) (54) (55) . It has not yet been possible to determine whether large-scale TCR aggregation and/or IS formation occurs during T celldendritic cell interactions in lymph nodes observed using intravital microscopy (56) . It is therefore conceivable that although naive T cells can form stable conjugates with APCs such as dendritic cells following a period of making serial, short-lived contacts (55), extensive TCR clustering at the T cell-APC interface does not occur in vivo. However, this does not exclude the possibility that other features, such as cytoskeletal rearrangements, of the IS are present in these T cell-APC conjugates.
The limited extent of micrometer-scale TCR clustering for both doses of the low-and high-affinity peptides (MBP1-9 and MBP1-9[4Y], respectively) in the 1934.4 TCR system and for the low-affinity peptide, MBP1-9, in the 172.10 TCR system prompted us to enhance TCR clustering by incubating cells with the non-mitogenic anti-Cb antibody, H57-597 (39) . The purpose of this was to investigate a possible effect of alterations in TCR clustering on T cell activation, particularly for 1934.4 tg T cells where very limited TCR aggregation was observed at all peptide doses without H57-597 pre-treatment. The H57-597 antibody was chosen, since based on a recent model for the organization of the TCR-CD3 complex demonstrating that the complex is monomeric (47) , it would be predicted to dimerize, rather than multimerize, TCRs. We show that H57-597 does not negatively affect pMHC binding, consistent with earlier structural studies of the N15 TCR in which H57-597 was shown to bind distally to the putative antigen-binding site (48) . In addition, Fab fragments of H57-597 have been used by others to track TCRs on CD4 + cells in live cell imaging experiments (4, 10, 45) . The use of this antibody therefore gave us the possibility to assess activation of T cells under conditions where the amount of TCR clustering at the T cell-APC interface was altered in the presence of constant antigen doses. Further, recent studies using biotinylated anti-TCR antibodies to track TCRs on autoreactive, live T cells in an EAE model indicated that this treatment does not affect T cell motility (46) , providing support that our approach does not have undesirable effects on T cell properties. Depending on the timing and marker of activation used, we observe mixed effects of variations in the extent of TCR clustering on T cell activation. In all cases, however, when effects are observed, they are modest. For example, for early T cell activation events such as CD25 and CD69 up-regulation (following 2-4 h stimulation), the upregulation of these proteins following exposure to the same antigen dose shows some dependence on the extent of TCR clustering. The effects are most marked for the lower avidity 1934.4 tg T cells. However, rather than a direct correlation, if an effect of TCR clustering is observed, the extent of aggregation inversely correlates with CD25/CD69 up-regulation. Although this might appear to be counterintuitive, it is in accordance with the report that TCR aggregation in the IS serves to down-regulate TCR signaling by enhancing TCR internalization (15) . Consistent with this, we also observe slight increases in TCR internalization for 1934.4 tg T cells that are pre-treated with H57-597. However, and perhaps most importantly from the point of view of T cell effector function, even when differences are observed for 1934.4 tg T cells for early activation marker expression at 4 h post-stimulation, these do not translate into variations in IL-2 or IFN-c levels at 24 and 72 h, respectively, or in CD69 or CD25 up-regulation at 18 h.
In summary, using naive T cells bearing two MBP1-9:I-A u -specific TCRs of distinct affinities, we have shown that the extent of TCR clustering at the T cell-APC interface cannot be used to predict the level of T cell activation when markers such as CD25 and CD69 up-regulation and cytokine production are used. In addition, extensive TCR clustering is not required for efficient T cell stimulation, consistent with studies, indicating that very few pMHC complexes are needed to trigger a T cell (16) (17) (18) (19) (20) (21) (22) . Our data therefore provide insight into the parameters that lead to naive T cell activation in murine EAE.
